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In  this  paper,  a  novel  impedance  spectroscopy  was  used  to  describe  the  thermal  behaviors  of  Ni-MH 
batteries.  The  impedance  functions  were  derived  similarly  to  electric  impedance  functions.  The  square 
of  current  was  treated  as  a  current  equivalent  and  heat-flow  as  a  voltage  equivalent.  The  impedance 
spectra  of  batteries  during  charge  showed  that  the  combination  of  hydrogen  and  oxygen  increased  rapidly 
when  charge  rate  was  higher  than  0.5  C.  Thermal  runaway  might  happen  when  battery  was  charged  at 
temperature  above  348  K  even  at  a  low  charge  rate.  The  cycling  test  showed  that  the  charge  efficiency 
of  battery  was  the  highest  after  cycling  at  high-rate  for  10-100  cycles  and  decreased  after  more  cycles. 
Different  batteries  showed  different  thermal  behaviors  which  may  be  caused  by  the  different  structures 
of  batteries. 

©  2008  Published  by  Elsevier  B.V. 


1.  Introduction 

The  temperature  of  Ni-MH  battery  increases  when  it  is  charged 
or  discharged.  For  large  Ni-MH  batteries  or  battery  packs,  the  heat 
generated  from  over  potential  and  side-reaction  may  cause  the  bat¬ 
tery  overcharge  and  over  discharge  in  the  high-temperature  region 
[1].  Therefore  it  is  very  important  to  study  thermal  behaviors  of 
Ni-MH  batteries.  In  situ  studies  of  charge  and  discharge  of  batter¬ 
ies  using  electrochemical-calorimetric  measurements  have  been 
reported  in  recent  years  [2-11].  Thermocouples  have  been  used 
instead  of  calorimeters  in  some  experiments  to  simplify  the  instru¬ 
ments  [1,12-16].  However,  the  thermal  analyses  of  these  studies 
have  been  focused  on  heat  response  in  the  time-domain  only.  Bar- 
soukov  et  al.  [  17  ]  provided  us  a  method  to  obtain  a  novel  impedance 
spectrum  of  the  response  to  arbitrary  excitation  and  they  obtained 
the  thermal  impedance  spectra  for  Li-ion  batteries  using  heat  pulse 
as  excitation  [18].  The  impedance  spectrum  in  frequency-domain 
relating  with  the  excitation  signal  and  response  signal  may  offer 
more  information  of  batteries. 

In  this  study,  a  novel  impedance  spectrum  was  obtained  by 
using  the  charge  current  as  excitation  and  the  heat  generation  as 
response.  An  equivalent  circuit  was  used  to  describe  battery  reac- 
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tion  which  caused  heat  generation  during  charge.  The  values  of 
the  resistance  and  the  capacitance  were  obtained  by  fitting  the 
impedance  spectrum. 


2.  Derivation  of  the  novel  impedance  functions 


The  impedance  spectrum  of  an  electrical  device  is  usually 
obtained  by  applying  an  excitation  signal,  and  analyzing  the 
response  signal  [19].  The  novel  impedance  functions  can  be  derived 
similarly  to  electric  impedance  functions.  The  square  of  current  is 
treated  as  a  current  equivalent  and  heat-flow  as  a  voltage  equiv¬ 
alent  [18].  The  novel  impedance  function  can  be  obtained  by  the 
following  equation: 


Z(s)  = 


nm) 


(1) 


where  L{}  denotes  a  Laplace  transform,  H(t)  is  a  heat-flow  response 
function,  and  z1 2(t)  is  an  excitation  current  function  in  the  time- 
domain.  For  constant  current  charge  process,  z2(t)  can  be  expressed 
as  the  square  of  applied  current  multiplied  by  Heavisde  step- 
function  0(t).  <P(t)  is  defined  as  0  if  t<  0  and  1  otherwise: 


i2{t)  =  I20(t) 


(2) 


Its  Laplace  transform  can  be  described  in  the  following  equation: 
if  i2(t)(  =  j  (3) 


378 


P.  Xiao  et  al.  /  Journal  of  Power  Sources  182  (2008)  377-382 


A  set  of  time-dependent  samples  H;  collected  with  time  inter¬ 
val  8t  during  sampling  period  At  are  obtained  from  an  experiment. 
The  direct  way  to  obtain  the  impedance  function  using  numerical 
integration  are  very  sensitive  to  noise,  so  a  carrier  function  Laplace 
transform  (CFLT)  [17]  which  has  superior  noise-rejection  capability 
is  used  here  to  calculate  L{H(t)}.  The  carrier  function  has  sufficient 
degrees  of  freedom  to  describe  all  possible  system  responses.  The 
parameter  obtained  by  fitting  the  experiment  data  to  the  carrier 
function  can  be  substituted  into  an  analytical  expression  of  the 
Laplace  transform  of  such  a  function.  The  sum  of  an  adaptively  cho¬ 
sen  number  of  exponents  is  used  as  a  carrier  function  to  calculate 
L{H(t)}[  18]: 

n 

e-(t/Ti)  (4) 

1=0 

here  /q  and  t;  are  parameters  that  can  be  obtained  by  fitting  the 
experiment  data  to  the  carrier  function. 

Laplace  transform  is  as  follows: 

151 

i=0 

Therefore,  the  impedance  function  using  the  square  of  current  as 
excitation  signal  and  heat-flow  as  response  signal  can  be  calculated 
from  Eqs.  (1),  (3)  and  (5): 

zw-(f (6) 

z'=0 

here  I2  is  the  square  of  the  magnitude  of  the  current  applied  to 
battery  at  time  0,  and  s  is  2 nfi  where  the  boundaries  of  frequency 
range  are  given  by  Nyquist  theorem, /max  =  l/25t  and /min  =  1/At. 

The  heat  generation  of  Ni-MH  batteries  during  charge  can  be 
divided  into  two  parts  [1  ]: 


(1)  heat  due  to  the  main  reactions,  represented  as 
I{E-E0  -TAS/nF)(l  -§). 

(2)  heat  due  to  the  side-reactions,  represented  as  JE£. 

So  the  total  heat  generation  of  Ni-MH  batteries  during  charge 
can  be  written  as 

H(C)  =  IE$  +  l(  —  E°n~  — )  (1  -  g)  (7) 

here  £  is  the  ratio  of  current  for  the  combination  of  hydrogen  and 
oxygen,  E  is  the  battery  voltage  during  charge,  I  is  the  charge  cur¬ 
rent,  Eq  is  the  standard  voltage  of  Ni-MH  battery,  T  is  the  battery 
temperature,  F  is  the  number  of  Faraday,  AS  is  the  entropy  change 
and  n  is  the  number  of  mole  of  electrons. 

By  simplifying  Eq.  (7),  we  get: 

»(',  =  '(£-T^)  +  'e(ET5)  (S» 

Since 

E-E0  =  IR  +  A0  (9) 

So  Eq.  (8)  can  also  be  written  as 

H(t)  =  l(‘R  +  TAS)  +  fg  (£^±IAS)  (10) 

here  A 0  is  the  over  potential,  R  is  the  sum  of  ohmic  resistance.  The 
temperature  of  battery  during  charge  is  stable  when  SOC  (state  of 
charge)  is  between  40%  and  60%,  and  the  heat  absorbed  by  heat 
capacity  of  battery  can  be  ignored.  In  this  short  period,  according 
to  the  typical  internal  pressure  curve  and  voltage  curve  of  Ni-MH 


Rt  Ct 

- s/N/' - 1  I - 

Fig.  1.  Equivalent  circuit  corresponding  to  battery  charged  with  constant  current. 


battery  during  charge  [20],  we  can  assume  §  and  A 0  increase 
approximately  linearly: 


£  =  §o  +  %£  (11) 

A0  =  A0o  +  fcA</>f  (12) 

here  §0  is  the  initial  value  while  k %  is  the  slope  of  the  ratio  of  current 
for  the  combination  reaction.  And  A0O  is  the  initial  value  while  kA(p 
is  the  slope  of  the  over  potential  and  t  is  the  sampling  time.  Applying 
Eqs.  (11 )  and  (12)  to  Eq.  (10),  we  can  get  the  following  equation: 


H(t)  =  I2 


D  A</>o  TAS  .  /  E0  +  TAS/nF 

R+  —  -lm+^[ - 1 - 


+/2t 


E0+TAS/nF\  k 


+ 


A  </> 


(13) 


Eq.  (13)  can  be  divided  into  two  parts:  one  part  is  independent  of 
time  that  can  be  presented  as  I2Rt ;  the  other  part  increases  with 
time  that  can  be  presented  as  fit  IQ. 

So  Eq.  (13)  can  be  written  as 

H(t)  =  I2Rc+f?J  (14) 

Higher  the  value  of  Rt ,  more  the  heat  generation  of  battery,  while 
the  heat  generation  increases  rapidly  when  the  value  of  Q  is  lower. 
So  a  higher  value  of  Rt  and  a  lower  value  of  Q  indicate  lower  charge 
efficiency.  According  to  Eqs.  (13)  and  (14),  the  value  of  Rt  is  related 
to  all  the  factors  that  cause  heat  generation,  while  the  value  of  Q  is 
affected  by  the  growth  of  over  potential  and  combination  of  hydro¬ 
gen  and  oxygen,  so  the  value  of  Q  may  have  relationship  with  the 
porosity  and  the  pore  diameter  of  the  electrode  material. 

The  impedance  equation  of  Eq.  (14)  obtained  by  Laplace  trans¬ 
form  is  as  follows: 

Z(s)  =  Rt  +  2-s  (15) 

The  equivalent  circuit  of  Eq.  (15)  is  a  resistance  in  series  with  a 
capacitance  as  shown  in  Fig.  1. 


3.  Experimental 

3.1.  Samples 

Cylindrical  Ni-MH  batteries  of  the  R03  type  manufactured  by 
Energizer,  GP  and  Uniross  with  different  nominal  capacities  were 
bought  from  market  (Fig.  2).  The  Ni-MH  battery  has  the  active 
material  of  NiOOH  at  the  positive  electrode  and  the  active  mate¬ 
rial  of  hydrogen  as  a  metal  hydride  (MH)  at  the  negative  electrode, 
with  OH-  transferring  between  the  two  electrodes  as  a  charge  or 
discharge  reaction  proceeds  [1  ].  Detailed  characteristics  of  the  bat¬ 
teries  are  given  in  Table  1. 

3.2.  Apparatus 

A  twin-type  differential  heat  conduction  calorimeter  (C80, 
Setaram),  with  the  resolution  of  10  pAV,  was  used.  A  multi-channel 
battery  testing  system  (BTS-5V/3A,  Neware  Tech.  Limited)  was  used 
to  charge  and  discharge  the  battery  in  the  calorimeter  and  record 
the  voltage  and  current.  The  battery  testing  system  could  mea¬ 
sure  voltage  with  accuracy  of  ±0.2%  and  current  with  accuracy  of 
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Fig.  2.  Schematic  diagram  of  the  experimental  setup. 


±0.1%.  As  shown  in  Fig.  3,  a  battery  of  the  same  type  was  inserted 
into  the  reference  chamber  in  the  calorimeter  to  cancel  the  heat 
due  to  side-reaction  except  for  the  electrochemical  side-reaction. 
Although  the  wires  were  not  connected  to  the  reference  battery, 
they  were  also  inserted  into  the  reference  chamber  to  balance  the 
heat  loss  between  sample  and  reference.  The  current  that  applied 
to  wires  in  the  sample  chamber  was  the  same  as  that  applied  to 
wires  in  the  reference  chamber,  and  the  influence  of  heat  genera¬ 
tion  by  the  resistance  of  the  wires  during  charge  could  be  ignored 
because  the  length  of  the  wires  in  sample  side  was  same  as  that  in 
reference  side  [9]. 


Table  1 

Characteristic  parameters  of  batteries  subjected  to  impedance  measurement 


Sample 

Manufactures 

Radius/height 

(mm) 

Weight  (g) 

Nominal 

capacity 

(mAh) 

Discharge 

capacity 

(mAh) 

1 

Energizer 

10.5/44.5 

12.18 

850 

797 

2 

GP 

10.5/44.5 

13.48 

850 

819 

3 

Uniross 

10.5/44.5 

11.42 

700 

677 

4 

GP 

10.5/44.5 

11.78 

700 

720 

Fig.  3.  Impedance  spectra  of  a  50  £2  resistance  and  a  5  £2  resistance. 


3.3.  Experimental  procedure 

The  charge  and  discharge  current  was  determined  from  the 
charge  and  discharge  rate  with  the  discharge  capacity.  Samples 
were  all  charged  until  charged  electricity  reached  160%  of  the  initial 
discharge  capacity,  then  discharged  at  0.2  C  with  the  termination 
voltage  of  1.0  V.  The  sampling  period  changed  when  battery  was 
charged  at  different  rates,  so  we  adjusted  the  time  interval  to  make 
the  sum  of  sampling  points  are  the  same. 

Constant  current  was  applied  to  two  resistors  with  different 
values,  and  the  heat-flow  of  them  was  measured  simultaneously. 
Heat-flow  for  sample  1  charged  at  different  rates  at  298  K  was  mea¬ 
sured.  Then  heat-flow  for  sample  1  charged  at  0.1  C  at  different 
temperatures  was  measured.  Heat-flow  for  sample  2  charged  at 
0.3  C  at  298  K  after  cycling  different  times  at  high-rate  was  mea¬ 
sured.  The  charge  and  discharge  rate  was  2  C  in  the  cycling.  We  also 
measured  heat-flow  for  sample  batteries  from  different  manufac¬ 
tures  with  different  discharge  capacities  when  they  were  charged 
at  0.3  C  at  298  K.  A  four  order  exponential  decay  function  was  used 
to  describe  the  heat-flow  curve  as  described  in  Eq.  (4).  The  Laplace 
transforms  of  the  heat-flow  curve  function  and  the  constant  cur¬ 
rent  function  can  be  obtained  from  Eqs.  (5),  (2)  and  (3).  Therefore, 
we  got  the  impedance  spectra  from  Eq.  (6). 

4.  Results  and  discussion 

4.1  Impedance  spectra  of  resistors  generating  heat 

Constant  current  was  applied  to  a  5  £2  resistor  and  a  50  ^  resis¬ 
tor,  and  the  heat-flow  of  them  was  measured  simultaneously.  The 
impedance  spectra  of  the  two  resistors  were  obtained  using  Eq.  (6) 
as  shown  in  Fig.  3.  It  can  be  seen  that  two  points  are  on  the  real  axis 
as  expected.  The  equivalent  circuit  of  a  resistor  using  heat-flow  as 
response  signal  and  constant  current  as  excitation  signal  is  a  resis¬ 
tance.  The  typical  impedance  spectrum  of  a  resistance  is  a  point  on 
the  real  axis,  and  the  values  of  resistances  obtained  directly  are  the 
same  with  the  two  values  of  resistances  obtained  from  impedance, 
so  the  novel  impedance  functions  are  correct.  As  a  result  of  the  test¬ 
ing  error,  the  spectrum  of  50  £2  resistance  does  not  concentrate  well 
on  the  real  axis. 

4.2.  Thermal  behavior  ofNi-MH  battery  charged  at  different  rates 

Fig.  4  shows  the  typical  heat  generation  and  voltage  curves  of 
sample  1  charged  at  0.1,  0.2,  0.3,  0.4,  0.5,  and  0.6  C,  respectively. 
The  temperature  in  the  calorimeter  was  controlled  to  be  298 1< 
during  the  test.  It  can  be  seen  that  heat  generation  and  voltage 
increased  with  charge  rate.  Furthermore,  heat  generation  can  be 
divided  into  three  parts.  At  the  beginning  of  charge,  heat  genera¬ 
tion  is  caused  by  the  active  material  converting  into  a  chargeable 
form.  At  the  middle  of  charge,  the  discharged  active  material  con¬ 
verting  into  the  charged  state  gives  out  heat.  At  the  end  of  charge, 
the  combination  of  hydrogen  and  oxygen  causes  the  temperature 
to  rise  [21].  Thus,  the  heat  generation  is  stable  and  related  to  the 
main  exothermic  reactions  at  the  middle  of  charge,  so  we  chose 
the  heat  generation  of  SOC  between  40%  and  60%  to  obtain  the 
impedance  spectra  as  shown  in  Fig.  5.  It  can  be  seen  that  lines 
perpendicular  to  the  real  axis  in  the  fourth  quadrant  which  indi¬ 
cates  a  typical  impedance  spectrum  of  a  resistance  in  series  with 
a  capacitance.  Fig.  5  shows  a  good  fit  of  the  calculated  and  mea¬ 
sured  spectra,  so  the  chosen  equivalent  circuit  model  is  correct 
to  describe  the  thermal  behavior  of  batteries  charged  at  constant 
current  when  SOC  is  between  40%  and  60%.  Fig.  6  shows  the  param¬ 
eters  obtained  by  fitting  the  spectra  to  the  impedance  function  in 
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SOC  (%) 


SOC  (%) 


Fig.  4.  Heat  generation  (a)  and  voltage  (b)  of  sample  1  charged  at  different  rates. 

Eq.  (15)  as  function  of  charge  rate.  The  value  of  Rt  decreases  as 
the  charge  current  increases  while  the  value  of  Ct  increases  with 
the  charge  current  but  having  a  maximum  value.  The  decrease  of 
the  value  of  Rt  becomes  small  which  suggests  an  increase  in  A 0O 
and  so  over  potential  and  combination  of  hydrogen  and  oxy¬ 
gen  increase  with  charge  current.  Since  Ct  has  a  maximum  value, 
it  means  [/c^(E0  +  TAS/nF)//  +  /cA0//]  has  a  minimum  value  when 
charge  current  increases.  By  observing  the  voltage  curves,  we  find 
that  /<A0  does  not  change  much  when  charge  current  grows,  so  it  is 
the  combination  of  hydrogen  and  oxygen  that  grows  rapidly  after 
charge  rate  is  higher  than  0.5  C.  If  we  want  to  reduce  the  electrolyte 


Fig.  5.  Impedance  spectra  of  sample  1  charged  at  different  rates.  Fit  line  corresponds 
to  the  impedance  function  for  model  described  by  Eq.  (15). 


Fig.  6.  The  values  of  Rt  and  Ct  resulting  from  the  fit  as  a  function  of  charge  rate. 

decomposition  of  battery,  the  recommended  charge  rate  is  lower 
than  0.5  C. 

4.3.  Thermal  behavior  ofNi-MH  battery  charged  at  different 
temperatures 

Fig.  7  shows  the  heat  generation  and  voltage  of  sample  1  charged 
at  0.1  C  at  303, 308, 313, 318,  and  323  K,  respectively.  It  can  be  seen 
that  heat  generation  of  battery  increases  rapidly  at  the  higher  tem¬ 
perature,  so  the  charge  efficiency  decreases  due  to  the  increasing 
evolution  of  oxygen  at  the  positive  electrode  [21  ].  The  heat  gener¬ 
ation  before  SOC  =  15%  does  not  change  with  temperature,  so  the 
reactions  at  the  beginning  of  charge  is  independent  of  tempera- 


Fig.  7.  Heat  generation  (a)  and  voltage  (b)  of  sample  1  charged  at  different  constant 
temperatures. 
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Fig.  8.  The  values  of  Rt  and  Ct  resulting  from  the  fit  as  a  function  of  temperature. 


Fig.  9.  (a)  The  values  of  Rt  and  Ct  resulting  from  the  fit  as  a  function  of  cycle  number, 
n.  (b)  Discharged  capacity  resulting  from  the  fit  as  a  function  of  cycle  number,  n. 


Fig.  10.  Heat  generation  (a)  and  voltage  (b)  of  batteries  from  different  manufactories 
charged  at  same  rate. 


lower  than  313  K.  In  addition,  the  two  parameters  were  fitted  with 
a  Boltzmann  function  using  origin  7.0  (OriginLab,  Inc.)  and  show 
good  fitting  results: 


A2  +  (71i-A2) 

1  +  exp((x  -  x0)/dx) 


(16) 


The  value  of  Q  is  close  to  0  when  the  temperature  is  348  K 
according  to  the  fit.  Therefore,  battery  thermal  runaway  may  hap¬ 
pen  above  348  K  even  at  low  charge  rate  around  half  charged.  Since 
heat  generation  increases  with  charge  rate,  we  believe  that  the  ther¬ 
mal  runaway  will  happen  at  lower  temperature  when  charge  rate 
increases. 


4.4.  Thermal  behavior  ofNi-MH  battery  after  cycling  different 
times 


ture  between  303  and  323  K.  A  plateau  can  be  observed  between 
SOC  =  40%  and  70%  which  suggests  exothermic  reactions  becoming 
slow  down  in  this  period.  The  plateau  of  heat  generation  becomes 
significant  as  temperature  rises  which  is  probably  a  consequence  of 
the  decrease  of  the  over  potential  as  shown  in  Fig.  7(b).  Fig.  8  shows 
the  parameters  obtained  by  fitting  the  spectra  to  the  impedance 
function  in  Eq.  (15)  as  function  of  temperature.  With  increas¬ 
ing  temperature,  the  value  of  Rt  increases  while  the  value  of  Ct 
decreases.  Thus,  the  charge  efficiency  decreases  and  the  heat  due 
to  combination  of  hydrogen  and  oxygen  increases  as  temperature 
rises.  The  increase  of  the  value  of  Rt  is  slow  below  313  K,  and  battery 
charged  at  298  K  has  the  highest  charge  efficiency  in  the  temper¬ 
ature  range  of  our  experiment.  Consequently,  if  we  want  the  heat 
generation  to  be  small,  the  recommended  charge  temperature  is 


A  high-rate  of  2  C  was  taken  to  cycle  sample  2  at  room  tem¬ 
perature,  and  the  charge  rate  was  0.3  C  during  the  test  and  the 
temperature  was  298  K.  The  heat  generation  of  sample  2  is  obtained 
at  the  first  cycle,  after  10, 50, 100, 150,  and  250  cycles,  respectively. 
Fig.  9  shows  the  relationship  of  the  values  of  Rt ,  Ct  and  discharged 
capacity  with  cycle  numbers.  As  shown  in  Fig.  9(a),  it  can  be  seen 
that  the  value  of  Rt  is  relatively  high  and  the  value  of  Ct  is  rela¬ 
tively  low  at  the  first  cycle.  In  the  initial  100  cycles,  the  value  of 
Rt  and  Ct  show  slight  change,  but  the  value  of  Rt  increases  and  the 
value  of  Ct  decreases  rapidly  with  cycle  numbers  after  100  cycles. 
The  charge  efficiency  is  low  at  the  first  cycle  because  the  active 
electrode  materials  are  not  completely  activated,  so  the  discharged 
capacity  grows  after  several  cycles.  The  battery  shows  the  highest 
charge  efficiency  and  stable  thermal  behavior  between  10  and  100 
cycles,  and  the  heat  generation  grows  significantly  after  100  cycles 
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Fig.  11.  Impedance  spectra  of  different  samples  charged  at  0.3  C.  Fit  line  corresponds 
to  the  impedance  function  for  model  described  by  Eq.  (15). 


Table  2 

The  values  of  Rt  and  Ct  of  different  samples  resulting  from  the  fit 


which  results  in  the  decrease  of  discharged  capacity  as  shown  in 
Fig.  9(b).  The  results  confirm  that  the  internal  resistance,  which  is 
caused  by  separator  dryout  due  to  swelling  of  the  electrodes,  con¬ 
sumption  of  electrolyte  and  loss  of  electrolyte  [21  ],  increases  with 
cycle  numbers. 

4.5.  Thermal  behavior  ofNi-MH  batteries  from  different 
manufactories  with  different  discharge  capacities 


or  generate  too  much  heat  during  charging  or  discharging  should 
not  be  in  the  battery  packs. 

5.  Conclusions 

A  novel  impedance  spectroscopy  is  obtained  in  this  study. 
Charge  current  is  used  as  the  excitation  signal  and  heat-flow  is 
used  as  the  response  signal  to  obtain  the  impedance  spectrum. 
A  resistance  in  series  with  a  capacitance  is  successfully  used  as 
an  equivalent  circuit  to  describe  the  thermal  behaviors  of  bat¬ 
teries  during  charging  when  SOC  is  between  40%  and  60%.  Heat 
generation  of  battery  increases  with  charge  rates  can  be  divided 
into  three  parts.  Impedance  spectra  in  the  frequency-domain  show 
that  a  charge  rate  higher  than  0.5  C  may  cause  rapid  heat  gener¬ 
ation  because  of  the  combination  of  hydrogen  and  oxygen.  Heat 
generation  of  battery  during  charge  also  increases  as  temperature 
increases.  The  impedance  spectra  of  battery  charged  at  different 
temperatures  show  that  a  recommended  temperature  for  charg¬ 
ing  is  between  298  and  313  K.  Thermal  runaway  may  happen  when 
battery  is  charged  at  temperature  above  348  K  even  at  a  low  charge 
rate.  The  cycling  test  shows  that  the  charge  efficiency  of  battery  is 
the  highest  after  cycling  for  10-100  cycles  but  decreases  after  more 
cycles.  Thermal  behaviors  of  batteries  from  several  manufactories 
with  different  nominal  capacities  are  compared  and  samples  from 
the  same  manufactory  have  different  thermal  behaviors  may  be 
caused  by  their  different  nominal  capacities. 

The  impedance  spectrum  relates  the  excitation  and  response 
signals,  and  shows  a  higher  resolution  of  thermal  behaviors  of  bat¬ 
teries  in  frequency-domain.  If  thermocouples  are  used  to  instead 
calorimeter,  the  testing  system  can  be  simplified  and  be  more  prac¬ 
tical  for  testing  battery  packs  and  large  size  batteries. 

Acknowledgements 

The  authors  appreciate  the  financial  support  of  the  State  Key 
Basic  Research  Program  of  China  (2002CB211803)  and  National  Nat¬ 
ural  Science  Foundation  of  China  (90410002  and  50606021). 

References 


Heat-flow  for  sample  batteries  from  different  manufactures 
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